With the recent discovery of superconductivity in carbon nanotubes (CNTs), 1, 2 alkaline-metal-doped C 60 crystals, 3 and graphite intercalation compounds 4-6 (GICs) with relatively high transition temperatures, there is a strong interest in the influence of many-body interactions on the electron dynamics in these systems. Graphene is a sheet of carbon atoms distributed in a honeycomb lattice and is the building block for all of these materials;
The coupling among quasiparticles is fundamental to understanding superconductivity and other exotic ground states. We focus in particular on the interaction of the carriers with electron-hole pair excitations within the Fermi-liquid model, and with plasmons. Departure of the electron dynamics from Fermi liquid behavior in graphite has already been attributed to the special shape of the graphene bandstructure, 12, 13 while electronplasmon scattering has been proposed as a key coupling process in superconductivity 14 of cuprates 15 , and possibly metallized graphene. 16 ARPES probes the scattering rate at different energy scales, and therefore accesses these many-body couplings directly. We find that both electron-hole and electron-plasmon effects are important for graphene, depending on the energy scale, and, together with electron-phonon coupling, are necessary for a complete picture of the quasiparticle dynamics.
The single-particle graphene bandstructure E(k) may be described by a simple one-orbital tight-binding model as 17 ( 1) where k is the in-plane momentum, a is the lattice constant, and t is the near-neighbor hopping energy. That the carriers travel as effectively massless particles with a fixed "speed of light" c*=ħ -1 dE(k)/dk ~c/300 follows from the nearly linear dispersion of the bands at zero energy (E D ). In Figure 1 we compare energy bands and constant energy surfaces computed using Equation 1 to the first (to our knowledge) ARPES measurements applied to a single layer of graphene, grown on the (0001) surface of SiC (6H polytype). (Previous ARPES measurements near E F have focused on thicker graphene layers on SiC [18] [19] [20] or on bulk graphite. 21, 22 ) The primary bands, cones centered at the K points, are surrounded by six weak replica bands discussed further below. The primary bands are in good overall agreement with the simple model despite its having only two adjustable parameters: the hopping energy t = 2.82 eV and a 0.435 eV shift of the Fermi energy E F above the Dirac crossing energy E D .
This shift is attributed to doping of the graphene layer by depletion of electrons from the n-type SiC.
We can discriminate a single layer of graphene from thicker films by counting the number of π states (one in Figure 1 ), which is equal to the number of layers m in a given sample. 20 While films of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we found that pure graphene films (m = 1) can be routinely isolated. We can also be sure that there is negligible interaction between overlayer and substrate states. This follows naturally from the fact that the Fermi level of the graphene is pinned well within the ~3 eV band gap
of the substrate. If there were hybridization with the substrate, we would expect it not near E F but rather at a deeper binding energy, where the substrate and graphene bands overlap. Even there, we see no indication of interactions between the graphene and substrate band structures in Figure 1 .
Such interactions are not expected considering the proposed van der Waals bonding between graphene and SiC 9 . Recent experiments have shown that the SiC layer immediately below the graphene is itself a carbon-rich layer, with an in-plane, graphene-like network of sp 2 -derived σ bands, but without graphene-like π bands 23 . The absence of states at the Fermi level suggests that the p z orbitals are saturated, presumably due to bonding with the substrate as well as bonding within the C-rich interface layer. This C-rich layer is a perfect template for van der Waals bonding to the overlying graphene because it offers no p z orbitals for bonding to the graphene. The only effect of the interface on the measurements is through the nearly incommensurate (6√3×6√3)R30° symmetry of the interface C-rich layer with respect to SiC. This interface induces diffraction of the primary bands, resulting in the observed weak satellite bands, similar to the satellite spots seen in low energy electron diffraction. 9 Despite the overall good agreement between Equation 1 and the data in Figure 1 , profound deviations are observed when we examine the region around E F and E D in more detail. Figure 2a shows a magnified view of the bands measured along a line (the vertical double arrow in Figure 1b ) through the K point. The predicted, or "bare" bands in this direction are nearly perfectly linear and mirror-symmetric with respect to the K point according to Equation 1, similar to the H point of bulk graphite. 21, 22 The actual bands deviate from this prediction in two significant ways: First, at a binding energy ħω ph~2 00 meV below E F , we observe a sharpening of the bands accompanied by a slight kink in the bands' dispersions. We attribute this feature to renormalization of the electron bands near E F by coupling to phonons, 24 as discussed later.
Second, and more surprisingly, linear extrapolations of the lower bands (dashed lines in Figure 2a predicts. This is observed more easily for data acquired along the orthogonal direction through the K point (Figure 2e ), along which an interference effect 25 suppresses one of the two bands. We see that near E D the bands have an additional kink, which we propose is caused by other many-body interactions.
The deviations from the bare band are sensitive to doping, which was varied by adsorbing potassium atoms that readily donate electrons to the graphene. The evolution of the band structure with increasing doping is followed in Figure 2b -d and along the orthogonal direction in Figure 2f -h. Similar to graphite, doping graphene by K deposition shifts the bands more or less rigidly to higher binding energy. 26 While the energy of the kink at 200 meV does not change, the deeper-energy kink strengthens and follows E D with doping, demonstrating that it is associated with electrons with energy near E D . The effect of this kink on the bandstructure is significant: at high doping, a curve fit of the band positions (small circles in Figure 2d) shows that E D has been shifted towards E F by ~130 meV from the single-particle prediction.
In the quasiparticle scheme, the carriers are represented as single particles that scatter from, and are surrounded by, a cloud of other 'particles' (such as phonons); the entire entity moves somewhat like a free particle but with renormalized energy. In this scheme, ARPES measures the spectral function, expressed in
where k and ω are the momentum and energy, and ω b is the bare band dispersion in the absence of many-body effects. Σ(k,ω) contains both the scattering rate and the renormalization of the band dispersion in its imaginary and real parts, respectively. In the k-independent approximation 27, 28 
to the Lorentzian linewidth of the momentum distribution curve (MDC) A(k,ω) taken at constant ω. ReΣ(ω) is readily computed from ImΣ(ω) through a Hilbert transform (to satisfy causality), and the full spectral function A(k,ω) can be reconstructed using the computed ReΣ(ω) and compared to experiment. Such a reconstruction for one doping is shown in Figure 2i ; it is in excellent agreement with the data (Figure 2h ) from which ImΣ was obtained. This shows that all the kinks in the bands originate not from details of the single-particle bandstructure, but rather from many-body interactions, providing strong support for the quasiparticle picture in graphene.
The observed kink structure is therefore derived from a complicated ω-dependence of the observed scattering rate proportional to the measured MDC linewidths, shown in Figure 3 as a function of doping. To model these data, we consider three processes: decay of the carriers by electron-phonon (e-ph) coupling, by
electron-hole (e-h) pair generation, and by emission of collective charge excitations (plasmons) via electronplasmon (e-pl) coupling. (Impurity scattering, a fourth contributing process, can be neglected as its contribution to the MDC linewidth is smaller than the experimental momentum resolution (~0.01Å -1 ) and in any case merely leads to a uniform background scattering rate). By summing up all the momentum-and energy-conserving decay events as a function of hole energy ω, we can show that the three principal decay processes (e-h, e-pl, and e-ph) contribute differently to the lifetime in regions I-IV as identified in the traces at the upper part of Figure Now we discuss the different decay processes in turn. We attribute the kink near E F to e-ph coupling as described previously for metals, [29] [30] [31] for (possibly) high-T c superconductors 32, 33 and for bulk graphite. 24 In this process, photoholes decay by phonon emission (see Figure 4a) . From graphite's phonon density of states, 34 we calculated the e-ph contribution to ImΣ (Figure 3 , green curve) with the standard formalism 35 and find an e-ph coupling constant λ ≈ 0.3. Although this is a factor of 5 larger than predicted 36 for n=5.6×10 Consider now the decay of the photohole by excitation of an electron from below to above E F , thereby
creating an e-h pair. In Landau's Fermi Liquid (FL) theory, the scattering rate from such processes increases as ~ω 2 away from ω=0, reflecting the growing number of possible excitations that satisfy momentum and energy conservation. However, the linear dispersion of the graphene bands and the presence of the Dirac crossing below E F drastically modify this picture. 37 A hole just above E D can easily decay through many possible e-h creation events, for example as in Figure 4b , and we find a ω α (α~1.5) dependence of ImΣ in regions I-II in contrast with FL theory (α=2). But a hole originating at ω just below E D has few possible decays with sufficient momentum transfer to excite an e-h pair (Figure 4c ). This causes a sharp reduction in the scattering rate in region III, seen in the red curve in Figure 3 . Only for energies ω � 2ω D , region IV, does e-h pair generation become favorable (e.g. Figure 4d ).
The e-h and e-ph processes can explain the observed MDC widths in regions I, II, and IV. In region III, however, decay by e-h pair creation is practically not allowed yet the observed scattering rate has a peak rather than a dip (highlighted in blue in Figure 3 ). We now show that this peak may be explained by decay through plasmon emission. Plasmons are oscillations of an electron gas that play an important role in the optical properties of ordinary metals. In graphene, the charge carriers near the K point have zero effective mass and travel like photons at constant speed c*, but unlike photons, they have charge and are therefore subject to collective oscillations such as plasmons. Although a full treatment of the e-pl interaction is difficult near the Dirac point, a simple model suffices to explain how e-pl coupling can enhance the scattering rate below E D .
Ordinary two-dimensional plasmons have a dispersion relationship (3) where q is the plasmon momentum, m is the effective carrier mass, and ε is the dielectric constant. For graphene, the rest mass m 0 is zero near E D , but the "relativistic mass" m r =E/c* 2 depends on the doping,
8 reaching a maximum of only 10% of the free electron rest mass for our samples; this has a dramatic effect to increase the plasmon energy ω pl (q) as shown in Figure 5 , calculated for a reasonable range (3<ε<10) of dielectric constants.
Collective plasmon excitations are not really independent of the e-h pair excitations discussed above, and therefore decay by plasmon scattering is only a valid description outside the range of kinematically allowed e-h processes, as shown in Figure 5 for n-doped graphene. This occurs only for decay processes with ω~E D and q~0
(as in Figure 4e ), when the plasmon spectrum does not overlap the continuum of e-h excitations (blue region in Figure 5 ). This means that plasmons can have a large effect on the self energy around ω~ω D .
Given the plasmon dispersion relation we can easily sum up the possible plasmon decays as a function of ω (Figure 3 , blue curve), which is proportional to the scattering rate. We find a peak in ImΣ located just below E D , whose width and intensity scales with E D . A peak following these trends is clearly observed in the experimental data (highlighted in blue in Figure 3 ).
Previously, e-pl coupling was shown to affect the unoccupied bands of a 3-dimensional metal at the large plasmon energy scale (~20 eV) 38 But e-pl coupling at small energy scales is normally forbidden for two-and
three-dimensional electron gases (except for the special case of layered electron gases 39 ) so this is a unique instance where e-pl coupling is kinematically allowed for a pure 2D system.
It is worth emphasizing that the model for the scattering rate has only four adjustable scaling factors:
the e-ph coupling constant λ, the absolute probabilities for e-h pair creation and plasmon emission, and the screening constant ε which scales the Coulomb interaction. The other inputs are the experimentally determined band dispersion, the graphite phonon density of states, 34 and the relativistic mass 7, 8 m r .
These results show that the special condition of massless Dirac Fermions found in graphene does not preclude the validity of the quasiparticle picture -in fact the quasiparticle picture is valid over a spectacularly wide energy range -but it does induce novel e-h and e-pl decay processes. Thus, it is an exceptional combination of effects-the unusual bandstructure of graphene (leading to a large hole in the phase space for e-h pairs) together with the small effective mass of the carriers (leading to a plasmon spectrum that fills this hole)-that lead to these novel effects. These result in strong modifications of the band dispersion, as schematically illustrated in Figure 4f . This distortion occurs not only near the Fermi level as in conventional metals, but also centered around the Dirac crossing energy E D . The effects we describe are not unique to high doping levels, but extrapolate all the way down to zero doping. Near this regime (already approached for the lowest dopings in Figure 3b ), the energy scales for e-h, e-pl, and e-ph decay processes overlap, and a unified treatment of all these interactions is necessary to reproduce the many-body effects. These conclusions might apply as well to graphite, which also shows a 2D Dirac spectrum, 40 metallic carbon nanotubes, which have a similar gapless band crossing 41 and Dirac fermions, 42 and other materials with similar electronic structure. 
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Methods.
The ARPES measurements were conducted at the Electronic Structure Factory endstation at beamline 7.01 at the Advanced Light Source, equipped with a hemispherical Scienta R4000 electron analyzer. The single layer of graphene was prepared by etching a 6H-SiC(0001) substrate (n-type with a nitrogen concentration of (1.5±0.5)×10 18 cm -3 from SiCrystal AG) in hydrogen (p= 1 bar, T = 1550°C, t = 30min) followed by annealing at 1150C for 4 minutes by direct current heating in pressure better than 1×10 -10 Torr 9, 10 . Measurements were conducted at a pressure better than 2.5×10 -11 Torr with the sample cooled to ~20K using a photon energy hν of 95 eV and with an overall energy resolution of ~25 meV. Potassium deposition was by a commercial (SAES) getter source. The potassium coverage can be estimated from the carrier density assuming a charge transfer of 0.7e -per alkali atom 43 to be about 0.007 monolayers when n=1×10 13 cm -2 .
The range of dielectric constants (3 < ε < 10) used in the model is a rough estimate based on the dielectric constants of graphite (14), silicon carbide (10) and the vacuum (1). Figure 4a . The pink region shows the plasmon dispersion calculated for a range of dielectric constants from ε=3 (upper rim) to ε=10 (lower rim) using Equation 3 together with the relativistic mass taken from transport measurements 7, 8 . The e-pl decay process occurs only for plasmons outside the blue region, where plasmons are well-defined quasiparticles. 
